INTRODUCTION
Antisense oligonucleotides have been termed informational drugs because of their unique potential to translate the molecular understanding of disease into new therapeutic agents. The principle of antisense technique is the sequence specific hybridization of complementary singlestranded oligonucleotides to target RNA thereby inhibiting translation of the target protein (for review see Refs. [1] [2] [3] [4] [5] . The efficacy of antisense oligonucleotides against neoplasia (6) (7) (8) (9) , viral infections (10) , and post-traumatic neointimal hyperplasia ( 11) has been established in preclinical models. A total of seven oligonucleotides have entered clinical trials aiming at treatment of acute and chronic myelogenous leukemia (12) (13) (14) , human immunodeficiency virus (HIV) infection (15) , cytomegalovirus retinitis in acquired immunodeficiency syndrome (AIDS) patients (clinical trial phase III [ 16, 17] ), and genital 430 Molecular Medicine, Volume 2, Number 4, July 1996 warts (18) . No severe side effects have occurred in human studies to date, including those with systemic administration (12, 15) .
Despite numerous reports documenting the efficacy of antisense oligonucleotides in vitro and in vivo in inhibiting gene expression, complementary RNA binding is not their sole mechanism of action (2, 19, 20) . Different mechanisms are responsible for non-antisense-mediated effects. They can be divided into sequence-specific (so-called aptamer effect) and non-sequencespecific binding of oligonucleotides to proteins. The latter is primarily based on a charge interaction. In addition, hybridization to unintended RNA targets occur. These mechanisms explain several examples of nonantisense effects: (i) stimulation of B lymphocytes by oligonucleotides containing the CpG dinucleotide (21) ; (ii) anti-adhesive effects (19, 22) ; (iii) sequence-specific, but not antisense-mediated, inhibition of cell proliferation (22, 23) ; and (iv) inhibition of viral infection at the level of adsorption, penetration, or uncoating (4) .
Non-antisense-mediated activities may contribute to side effects of oligonucleotides in clinical studies. Nevertheless, these effects could also be beneficial under some circumstances. In fact, oligonucleotides reduce melanoma growth in a SCID-hu mouse model by their interaction with basic fibroblast growth factor (bFGF) (20) . In the present study, we demonstrate a new non-antisense-mediated effect of phosphorothioate oligonucleotides, the enhancement of lipopolysaccharide (LPS)-stimulated tumor necrosis factor (TNF) synthesis.
MATERIALS AND METHODS

Cell Culture
Human peripheral blood mononuclear cells (PBMC) were isolated from blood of healthy fasting volunteers by Ficoll-Hypaque gradient centrifugation (24) as described previously in detail (25) . As a modification of the protocol, centrifugation was performed in tubes containing a horizontal porous filter disc over the Ficoll layer (Leucosep tubes; Greiner, Frickenhausen, Germany), in order to facilitate layering of blood. Cells were suspended in RPMI 1640 culture medium (Biochrom, Berlin, Germany) supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 jig/ml streptomycin, 10 synthesis. Heparin is a ubiquitous, naturally occuring polyanionic polysaccharide, which is clinically used for its antithrombotic effect. Mononuclear cells were stimulated in the presence of a completely modified oligonucleotide (ODN 7cm, 5 ,uM) and increasing concentrations of heparin (Fig. 4) . The addition of heparin (12.5-200 IE/ml) without oligonucleotides led to a small increase of TNF production which was not concentration dependent. The TNF synthesis enhanced by phoshorothioate oligonucleotides was markedly reduced, from 14.7 ng/m to 10.1 ng/ml TNF, in the presence of 12.5 IE/ml heparin. Higher concentrations of heparin (50 IE/ml and more) completely reversed the enhancement of TNF synthesis by phosphorothioate oligonucleotides to the level achieved by LPS alone.
DISCUSSION
Antisense oligonucleotides were initially thought to have the unique potential of sequence-specific inhibition of single target proteins. Today, the concept of absolute specifity has been replaced by the acceptance of nonantisense effects in addition to the antisense mechanism. Non-antisense-mediated immunological effects include the induction of interferon-y and of IgG and IgM synthesis by oligonucleotides. These effects are dependent on defined motifs within the sequence (21) . Numerous sequence-independent actions of oligonucleotides have also been reported in the literature (30) (31) (32) . It has been proposed that nonspecific effects frequently predominate when phosphorothioate oligonucleotides are employed at concentrations higher than 5 ,uM (19) .
In the present study, we describe the influence of phosphorothioate oligonucleotides on LPS-induced TNF synthesis in human mononuclear cells. We found an augmentation of TNF synthesis of up to 410% in the presence of 5 ,uM phosphorothioate oligonucleotide. Enhancement of LPS-stimulated TNF synthesis was concentration dependent, with a maximum between 2.5 and 5 ,tM. It was detectable for lower concentrations (down to 0.078 ,uM) than those proposed to be effective in the plasma of patients ( 12) . In contrast to completely phosphorothioate-modified oligonucleotides, oligonucleotides with only two modified nucleotide bonds at each end or unmodified oligonucleotides showed no enhancement of TNF synthesis. The effect was independent of the sequence of the oligonucleotide.
The augmentation of TNF synthesis is not likely to be mediated by a direct action at the LPS receptor. We excluded relevant endotoxin contamination of the oligonucleotide preparations by using the limulus amoebocyte lysate assay. Furthermore, reversal of enhanced TNF synthesis by heparin argues against an effect of LPS.
The mechanism of the observed effect remains unknown. It likely relates to differences in the structures of modified versus unmodified oligonucleotides. In phosphorothioate oligonucleotides, one oxygen atom of the phosphate group is substituted by a sulfur atom. Phosphorothioate oligonucleotides represent polyanions with structural similarities to the naturally occuring polyanionic glycosaminoglycans of the extracellular matrix, such as heparan sulfate and heparin (Fig. 5) Hershkoviz et al. described other immobilized components of the extracellular matrix which induce TNF secretion in human mononuclear cells (34) . The authors found the interaction between two glycoproteins of the extracellular matrix, laminin and fibronectin, and ,B1-integrins of the cell surface to be responsible for TNF production without requiring an additional specific stimulus. It has also been demonstrated that collagen stimulates the production and secretion of interleukin 1 in human mononuclear cells (35) . Together, these results argue that the components of the extracellular matrix play an important role in potentiating cytokine synthesis by monocytes.
With regards to the binding of phosphorothioates to the surface of monocytes, it is of note that circulating human monocytes bind heparin in a rapid, saturable, and reversible manner (36, 37) . The affinity of heparin for the cell surface is independent of that for antithrombin III. In addition to sharing molecular features with heparin, phosphorothioate oligonucleotides have been described to bind directly to heparinbinding proteins, such as basic fibroblast growth factor (bFGF), acidic fibroblast growth factor (aFGF), FGF-4, platelet-derived growth factor (PDGF), and vascular endothelial growth factor (VEGF) (38) . Oligonucleotides and sulfated glycosaminoglycans share binding sites on several other proteins. These include CD4, HIV-1 reverse transcriptase, the HIV-1 envelope glycoprotein and the protein kinase C 131-subunit (PKC11) (1 9). Since similar binding properties for heparin and oligonucleotides have been proposed, oligonucleotides may indeed bind to the surface of monocytes at the same sites as heparin.
Recently, another nonantisense mechanism mediated by the extracellular action of phosphorothioate oligonucleotides has been described (22) . The non-sequence-specific inhibition of adhesion of glioblastoma cells could clearly be separated from the sequence-specific antisense effect. An Whether the present findings are relevant to in vivo situations is not known. As phosphorothioate oligonucleotides alone did not induce TNF synthesis, one would not expect such an induction after systemic administration under ordinary conditions. In the case of exogenous or endogenous endotoxinemia (e.g., gram-negative sepsis), however, the possibility of enhanced TNF synthesis in the presence of oligonucleotides would have to be considered. In this context, it is of note that in monkeys a bolus injection of a dose higher than that proposed to be effective in humans of phosphorothioate oligonucleotides caused a lethal decrease of blood pressure (42) .
Finally, this study adds to the existing evidence that sulfated polyanions enhance LPS-induced activation of monocytes. By analogy to glycosaminoglycans (33), fibronectin (34) , and collagen (35) , we have identified phosphorothioate oligonucleotides as a new class of macromolecules that participate in the priming of monocytes.
